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The ability to coherently convert the frequency and temporal waveform of single and entangled
photons will be crucial to interconnect the various elements of future quantum information networks.
Of particular importance in this context is the quantum frequency conversion of photons emitted
by material systems able to store quantum information, so called quantum memories. There have
been significant efforts to implement quantum frequency conversion using non linear crystals, with
non classical light from broadband photon pair sources and solid state emitters. However, so far,
solid state quantum frequency conversion has not been achieved with long lived optical quantum
memories. Here, we demonstrate an ultra low noise solid state photonic quantum interface suitable
for connecting quantum memories based on atomic ensembles to the telecommunication fiber net-
work. The interface is based on an integrated waveguide non linear device. As a proof of principle,
we convert heralded single photons at 780 nm emitted by a rubidium based quantum memory to the
telecommunication wavelength of 1552 nm. We demonstrate a significant amount of non classical
correlations between the converted photon and the heralding signal.
I. INTRODUCTION
Photonic quantum memories (QM) have been imple-
mented with single atoms and ions [1–6], atomic ensem-
bles [7–11] and solid state systems [12–15]. Proofs of
principle of short distance elementary quantum networks
have been built with these QMs [4–6, 16–18]. For long
distance implementation of quantum information net-
works using quantum repeaters [1, 3, 19, 20], it is required
that optical QMs are connected to the optical fiber net-
work. However, despite initial attempts to build QMs
operating in the telecom range [21], the best current QMs
absorb and emit photons in the visible to near infrared
range, where losses in optical fibers are significant. In
order to overcome this problem, a possible strategy con-
sists in translating the frequency of the single photons
emitted by the QMs to the telecommunication band, in
an efficient, noise free and coherent fashion.
Quantum frequency conversion (QFC) of photons from
rubidium atoms based QMs to 1367 nm has been demon-
strated using four wave mixing in a cold and very dense
atomic ensemble [9], where the input and target wave-
lengths are fixed by the available atomic transitions. In
contrast, QFC in solid state non linear materials of-
fers wavelength flexibility and much simpler experimental
implementation, as well as prospects for integrated cir-
cuits using waveguide configurations [22–30]. Frequency
down conversion using difference frequency generation
(DFG) enables frequency translation from visible to tele-
com bands and is therefore ideally suited for quantum
repeaters applications [3]. DFG has been demonstrated
with single photons from solid state emitters [28, 30] and
spontaneous down conversion sources (SPDC) [29]. How-
ever, so far QFC using solid state non linear devices has
not been demonstrated with long lived optical QMs based
on atomic systems. A significant experimental challenge
in solid state QFC is to reduce the noise generated by
the strong pump beam in the crystal, which is propor-
tional to the input photon duration, in order to operate
in the quantum regime. Now, atomic QMs usually emit
photons with durations ranging from tens of ns [11, 31]
to hundreds of ns [4]. This is 1 to 3 orders of magni-
tude longer than the photons that have been converted
so far from SPDC [22, 29] or broad band solid state emit-
ters [28, 30], which typically have sub ns durations. This
in turn leads to much stronger requirements in terms of
noise suppression for the QFC.
In this paper we demonstrate an ultra low noise solid
state photonic quantum interface capable of connecting
QMs based on atomic ensembles to the telecommunica-
tion network. We generate heralded single photons at
780 nm from a cold 87Rb atomic ensemble QM and con-
vert them to 1552 nm using frequency down conversion in
a non linear periodically poled lithium niobate (PPLN)
waveguide. By combining high QM retrieval efficiency,
high QFC efficiency and narrow band filtering, we can
operate the combined systems in a regime where a sig-
nificant amount of non classical correlations is preserved
between the heralding and converted photons.
II. RESULTS
A. The atomic quantum memory
Our experimental setup is shown in Fig. 1 (see Ap-
pendix A for details). It is composed of two main parts,
the QM and the quantum frequency conversion device
(QFCD). The QM is implemented with an ensemble of
laser cooled 87Rb atoms, following the scheme proposed
by Duan, Lukin, Cirac and Zoller [20]. Single collec-
tive spin excitations are created by a 16 ns long weak
2FIG. 1: Schematic view of the experimental setup. a, A cold cloud of 87Rb atoms confined in a magneto-optical trap
(MOT) serves as quantum memory for light. Inelastic scattering of a classical write pulse results in the emission of a Stokes
photon, which heralds the presence of a collective spin excitation. A subsequent read pulse maps the atomic state onto an
anti-Stokes photon. The retrieved light is sent to a PPLN waveguide, together with a strong pump at 1569 nm. The 780 nm
photons are converted to 1552 nm by DFG. After conversion, residual pump light is blocked by means of a bandpass filter
(BF). The converted light is then coupled in a single mode optical fiber. A fiber Bragg grating filters out the broadband noise
generated by the pump. The non classical nature of the storage, retrieval and conversion processes is probed by measuring the
cross-correlation between Stokes and (un)converted anti-Stokes photons. b, Level scheme used for the DLCZ memory. The
write pulse off-resonantly couples the ground state |g〉 to the excited level |e〉. A Stokes photon is emitted with probability
p, thus creating a single collective excitation to the storage state |s〉. During the retrieval process, a pulse resonant with the
|s〉 → |e〉 transition (read beam) collectively transfers back the atom to the initial state |g〉.
write pulse at 780 nm, blue detuned by 40MHz from the
|g〉 to |e〉 transition, and heralded by the detection of a
photon emitted by spontaneous Raman scattering, called
Stokes photon. The collective spin excitation is stored
in the atoms for a programmable time (330 ns in our
experiment) before being transferred back into a single
photon (anti-Stokes) thanks to an 11 ns long read laser
pulse resonant with the |s〉 to |e〉 transition. The anti-
Stokes photon is emitted with high efficiency in a single
spatio-temporal mode thanks to collective interference
between all the emitters. It is then coupled with high
efficiency (0.7) into a single mode fiber before being de-
tected by a single photon detector (SPD) with efficiency
ηd,780 = 0.43.
Figure 2a shows the temporal profile of the heralded re-
trieved anti-Stokes field. We measure a full width at half
maximum (FWHM) of 11.4(9)ns, shorter than previous
single photons generated by the same method [11, 31].
We then characterize the non classical correlations be-
tween the Stokes photons and the stored spin excita-
tions. This is realized by measuring the second order
cross-correlation function g
(2)
s,as between the Stokes and
anti-Stokes fields, defined as g
(2)
s,as = ps,as/(pspas), where
ps,as is the probability to detect a coincidence between
the two modes and ps (pas) is the probability to detect
a Stokes (anti-Stokes) photon. ps is proportional to the
write pulse intensity. Figure 2b shows a typical measure-
ment of g
(2)
s,as as a function of ps. As expected for this
type of source, the degree of correlation increases when
decreasing the excitation probability [32]. The measured
g
(2)
s,as is well above the classical threshold of 2 for two-
mode squeezed states (see Appendix D). This suggests
that strong non classical correlations between the Stokes
photon and the stored spin excitation are present. Ad-
ditional measurements demonstrating the non classical
character of the correlations are shown in Appendix D
(see also Table I). Also shown in Fig. 2b is the re-
trieval efficiency ηR = ps,as/(psηd,780) corresponding to
the probability to find an anti-Stokes photon before the
SPD conditioned on the detection of a Stokes photon.
In the region where the multi-excitation probability and
the Stokes detector dark counts are negligible [32] (ps
between 0.002% and 0.2%), ηR is constant and equal to
32(2)% (shaded area on Fig. 2b).
B. The Quantum Frequency Converter Device
The heralded anti-Stokes single photon is then directed
towards the QFCD where the conversion from 780 nm to
1552 nm takes place. From the measured ηR and the
optical transmission between the QM and the QFCD
(ηloss = 0.77), we infer that, conditioned on a Stokes
detection, the number of photons before the QFCD is
ηinR = ηRηloss = 0.25(2). The pump light at 1569 nm
and the single photons at 780 nm are combined using
a dichroic mirror. Both beams are then coupled into
the waveguide where the conversion takes place. After
conversion, the pump light is blocked by means of two
bandpass filters, and the converted light is coupled into
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FIG. 2: Characterization of the DLCZ quantum memory. a, Temporal shape of anti-Stokes photons. The number of
anti-Stokes detection events per time bin (bin size 1.28 ns) conditioned on a Stokes detection over 5× 106 trials is plotted as a
function of the arrival time (orange squares). The data shown correspond to ps = 0.15%. The dashed line is a gaussian fit with
FWHM = 11.4(9) ns. For this data, we have g
(2)
s,as = 22(1) and ηR = 35(1)%. b Second-order cross-correlation function g
(2)
s,as
(red plain squares, left axis) and retrieval efficiency ηR (blue empty circles, right axis) as a function of the Stokes detection
probability ps. For ps between 0.002 and 0.2% (shaded area), ηR is constant (32(2)%). The g
(2)
s,as function increases until 56(8),
before dropping for lower values of ps due to detector dark counts. The dashed line is the g
(2)
s,as classical limit for two mode
squeezed states.
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FIG. 3: Characterization of the quantum frequency conversion device a, Converted anti-Stokes photon shape. The
conditioned events are plotted as orange squares, while the conditioned pump noise is shown as green circles. The measured
signal to noise ratio is 18(5). The time bin size is 1.28 ns. The Stokes detection probability for the measurement is ps = 0.16%
while the pump power is Pp = 120mW. For this measurement, we have g
(2)c
s,as = 11.6(7) and η
c
R = 3.4(2)% b Conversion
efficiency as a function of pump power after the waveguide measured with heralded anti-Stokes photons. The right axis shows
the device efficiency ηdev corresponding to raw conversion efficiency corrected only by the detection efficiency (0.1). The left
axis shows ηcR = η
in
R ηdev, i.e. the probability to find a converted photon before the SPD, conditioned on a Stokes detection.
The Stokes detection probability for this measurement is ps = 0.16%.
a single mode optical fiber. A fiber Bragg grating with
a bandwidth of 2.5GHz and a transmission efficiency of
0.7 then filters out the broadband noise generated in the
crystal by the pump beam [33]. The single photons at
1552 nm are finally detected with an InGaAs avalanche
photodiode SPD (detection efficiency ηd,1552 = 0.1).
Figure 3a shows the waveform of the heralded single
photons after conversion. The measured temporal pro-
file (FWHM = 13(1) ns) is very similar to the input one,
which shows that the conversion preserves the waveform
4of the photons. The noise generated by the pump beam
at 1569 nm is measured by blocking the input of the con-
verter. The measured signal to noise ratio (SNR) of 18(5)
gives an upper bound for the value of the cross correla-
tion function g
(2)c
s,as achievable after conversion (see Ap-
pendix C). We also measure the efficiency of the conver-
sion process as a function of the pump power Pp mea-
sured after the waveguide. Figure 3b shows the device
efficiency ηdev = p
c
s,as/(psη
in
R ηd,1552), where p
c
s,as is the
probability to detect a coincidence after conversion. ηdev
corresponds to the probability to find a converted pho-
ton in a single mode optical fiber after the QFCD (in-
cluding filtering and fiber coupling) for a single photon
input. The data are fitted with the following formula
ηdev = ηmax sin
2(L
√
ηnPp) [27]. From the fit, we extract
ηn = 120(10)%W
−1cm−2 and ηmax = 13.6(12)%. The
maximum achievable device efficiency is limited in our
current setup to 17.6% by optical losses, including fiber
coupling efficiency(60%) and Bragg grating filter trans-
mission (70%) at the converted wavelength of 1552 nm,
as well as by the waveguide incoupling (60%) and trans-
mission (70%) efficiencies for 780 nm photons. The dis-
crepancy between the measured ηmax and the theoretical
one is attributed to non perfect mode overlap between the
pump and single photon in the waveguide [27]. Figure 3b
also displays ηcR = η
in
R ηdev, which can be considered as
the combined efficiency of the QM+QFCD system, in-
cluding all losses.
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FIG. 4: Characterization of the quantum memory–
quantum frequency converter combined setup. Cross-
correlation between Stokes and converted anti-Stokes photons
as a function of Stokes detection probability, for a pump power
of 140mW (red plain squares, left axis). The shaded area rep-
resents the expected g
(2)c
s,as deduced from the data of Fig. 2b
by means of equation (1) (see Appendix B). The measured
Cauchy-Schwartz parameter Rc is plotted on the right axis
(blue empty circles). The unconditional autocorrelation mea-
surement for the converted anti-Stokes field has been mea-
sured for a pump power of 120mW.
C. Quantum state preservation
In order to verify that the conversion preserves the
quantum character of the input light, we measure the sec-
ond order cross-correlation function after conversion g
(2)c
s,as
as a function of ps (see Fig. 4). As in the case before con-
version (Fig. 2b), we also observe an increase of non clas-
sical correlations when decreasing the excitation proba-
bility, but the maximum is now reached for much higher
values of ps because of the background noise induced by
the converter pump laser. However, this background is
sufficiently low to observe strong non classical correla-
tions between the heralding photons at 780 nm and the
converted photons at 1552 nm. The expected value of
the g
(2)c
s,as after conversion can be estimated using a sim-
ple model taking into account the noise induced by the
pump laser, using the following expression (see Appendix
B):
g(2)cs,as = g
(2)
s,as
SNR + 1
SNR + g
(2)
s,as
(1)
The shaded area displayed in Fig. 4 corresponds to the
expected values taking into account the g
(2)
s,as measured
in Fig. 2 and SNR = ηinR · SNRmax, where SNRmax is the
maximal achievable SNR for ηinR = 1 and can be accu-
rately measured with weak coherent states (see Appendix
B). We find SNRmax = 85(3). The good agreement be-
tween experimental data and expected values suggests
that the noise generated from the pump is the only fac-
tor degrading the correlations and that further reduction
of this noise should lead to even higher non classical cor-
relations.
Finally, in order to unambiguously prove the non
classical character of the correlations, we also mea-
sure the unconditional auto correlation function for the
Stokes (g
(2)
s,s = ps,s/(psps)) and converted anti-Stokes
fields (g
(2)c
as,as = pcas,as/(p
c
asp
c
as)). For classical inde-
pendent fields, the Cauchy-Schwartz inequality Rc =(
g
(2)c
s,as
)2
/
(
g
(2)
s,s · g(2)cas,as
)
≤ 1 must be satisfied. The val-
ues for g
(2)
s,s and g
(2)c
as,as are listed in Table I. On the right
axis of Fig. 4 we plot the values of Rc measured in our ex-
periment for various ps. The Cauchy-Schwartz inequality
is clearly violated, which is a proof of non classical corre-
lation between Stokes and converted anti-Stokes photons.
III. DISCUSSION
We now discuss the performances of our interface. The
maximal g
(2)c
s,as obtained is about 15, which would be suf-
ficient to enable a violation of Bell’s inequality if the
photons were entangled [34]. The measured maximal
ηdev = 13.6(12)% corresponds to an internal waveguide
conversion efficiency of 77%. As it is, it would already
5lead to an increased transmission with respect to the un-
converted photon at 780 nm (3 dB/km loss) after only
∼ 3 km of fiber (see also Fig. 7). Further improvement
in the device efficiency could be primarily obtained by
technical improvements such as decreasing the passive
optical losses due to waveguide coupling and transmis-
sion, fiber coupling and filtering transmission.
Our quantum photonic interface could be directly use-
ful for some efficient quantum repeater architectures us-
ing DLCZ type QMs, where entanglement between re-
mote quantum nodes is achieved by entanglement swap-
ping involving the anti-Stokes photons [35]. In that case,
the anti-Stokes photons are sent over long distances and
must thus be converted to telecom wavelengths. For pro-
tocols where entanglement between remote atomic en-
sembles is achieved by detection of the Stokes photon,
such as the original DLCZ protocol [20], or in order to
achieve entanglement between a telecom photon and a
stored spin excitation, the Stokes photon should then be
converted. This would however require a significant in-
crease of the SNR compared to our present experiment,
since the Stokes emission probability has to be low to
allow highly non classical correlations. This reduction
may be achieved by using narrower filtering since the
current value of 2.5GHz is about two order of magnitude
larger than the photon bandwidth. Obtaining higher
SNR would be also interesting in view of using this in-
terface in combination with single atom QMs emitting
photons with duration of a few hundred ns [4].
We have demonstrated quantum frequency conversion
to telecommunication wavelength of single photons emit-
ted by a quantum memory, using a solid state integrated
photonic quantum interface. These results open the road
to the use of integrated optics as a practical and flexi-
ble interface capable of connecting QMs to the optical
fiber network. The wavelength flexibility offered by non
linear crystals opens the door to QFC with other kind
of QMs, such as solid state QMs [12–15] or single ions
[5]. Our work is a step to extend quantum information
networks to long distances and opens prospects for the
coupling of different types of remote QMs via the optical
fiber network.
Appendix A: Atomic ensemble based quantum
memory
Our quantum memory (QM) is based on an ensemble
of rubidium atoms, trapped and cooled in a magneto op-
tical trap (MOT) operating on the D2 line of 87Rb at
780 nm. The optical depth (OD) of the sample is mea-
sured to be ∼ 12, when probing the ∣∣5 2S1/2, F = 1
〉 →∣∣5 2P3/2, F ′ = 2
〉
transition. At the beginning of the ex-
perimental sequence the MOT is turned off and the atoms
are optically pumped during 300µs into the ground state
|g〉 = ∣∣5 2S1/2, F = 1
〉
. The initial state of the system is
described by |G〉 = |g1 . . . gN 〉, N being the atom num-
ber. A weak laser pulse (write beam), linearly polarized
and blue detuned by 40MHz with respect to the |g〉 → |e〉
transition (|e〉 being the excited state ∣∣5 2P3/2, F ′ = 2
〉
),
is then sent to the cold cloud. The write beam has a waist
of ∼ 150µm and the pulse is characterized by a full width
at half maximum (FWHM) of 16 ns. Raman scattering
of the write beam induces the transfer of one atom to the
storage level |s〉 =
∣∣5 2S1/2, F = 2
〉
, with low probability.
This process is followed by the emission of a photon on
the |e〉 → |s〉 transition (Stokes photon), which is col-
lected by means of a 500mm focal length lens and then
coupled into a single mode optical fiber. The collection
mode corresponds to a waist of ∼ 50µm, such that the
observed region is smaller than the volume illuminated
by the write beam. We indicate with p the probability
for a Stokes photon to be emitted in the collection mode.
The emitted light is finally detected by a Si avalanche
photodiode (Count-100C-FC, Laser components), char-
acterized by a measured detection efficiency of ∼ 43%
at 780 nm and a dark count rate of 100Hz. The single
photon detector (SPD) is operated in gated mode with a
detection window of 40 ns.
Since the Stokes photons are emitted while the write
pulse is on, it is necessary to filter the Stokes field from
the possible leakage of the classical beam. For this pur-
pose three strategies are employed: (a) polarization, (b)
angular and (c) frequency filtering (see Fig. 5 for a
schematic view of the experimental setup). (a) By means
of a half waveplate and a polarizing beam splitter cube,
we ensure to detect only Stokes photons orthogonally po-
larized with respect to the write beam. (b) The detection
mode is aligned with an angle of 3 degrees with respect
to the write mode, thus avoiding direct coupling of the
classical light into the collection fiber. (c) In between the
atomic cloud and the SPD we place a monolithic Fabry-
Perot cavity characterized by a FWHM of ∼ 60MHz and
a free spectral range (FSR) of ∼ 12GHz. The cavity is
formed by a plano-concave lens coated on both sides with
a high reflectivity layer at 780 nm, following the design
described by Palittapongarnpim et al. [36]. The Stokes
photons are delivered by an optical fiber to a free-space
setup where they are shaped to match the TE00 mode of
the resonator. The cavity length is tuned by acting on the
lens temperature and is adjusted to be resonant with the
Stokes photons. The cavity transmission is ∼ 50% when
measured with monochromatic light. Considering that
our Stokes photons have a spectral bandwidth of about
40MHz (i.e. FWHM of 11 ns) their transmission through
the resonator is limited to ∼ 80%. The maximum cavity
transmission is then ∼ 40%. The photons filtered by the
resonator are then coupled into another fiber connected
to the SPD. The total transmission of the system, includ-
ing losses and fiber in-coupling efficiency, is measured to
be ∼ 25% when probed with continuous light (i.e. 20%
for the Stokes photons). The write beam is detuned with
respect to the Stokes field by 6.8GHz (i.e. the hyper-
fine splitting between the |g〉 and |s〉 levels) which corre-
sponds to about half the FSR of the cavity. This ensures
that its transmission through the resonator is below 1%.
6The combination of the three filtering methods described
above allows us to reduce the noise caused by the write
light to a level lower than the dark count rate of the SPD.
The probability to detect a Stokes photon is indicated
as ps and it is given by ηs× p, where the factor ηs = 6%
accounts for the coupling efficiency of the Stokes mode
into the optical fiber (0.7, see later for details), the filter
cavity transmission (∼ 0.2) and the detection efficiency
(0.43). The Stokes creation probability p can be varied
acting on the write power. In our experiment p is spanned
over three orders of magnitude from 2.5 × 10−4 to 0.25
(i.e. ps varies from 1.5 × 10−5 to 1.5 × 10−2). The de-
tection of a Stokes photon projects the system onto the
collective state:
|S〉 = 1√
N
N∑
j=1
exp
[
ı(~kw − ~ks) · ~xj
]
|g1 . . . sj . . . gN〉 ,
(A1)
where ~xj is the position of the j-th atom, while ~kw and
~ks are the wavevectors for the write and Stokes modes,
respectively. This is a good description of the system only
under the assumption of low excitation probability (i.e.
p≪ 1), such that multiple excitations can be neglected.
This process can be regarded as a heralded generation of
a single spin excitation in the atomic ensemble.
After a programmable delay τs (330 ns for our exper-
iment), a bright light pulse (read beam) resonantly cou-
ples the |s〉 and |e〉 states, thus transferring back the
population to the ground level |g〉. The pulse propagates
in the same spatial mode as the write beam but in the
opposite direction. The peak power of ∼ 800µW and the
FWHM of 11 ns have been chosen in order to maximize
the transfer efficiency [37]. The retrieval process is ac-
companied by the collective re-emission of a photon on
the |e〉 → |g〉 transition (anti-Stokes photon). At the end
of the sequence the collective state of the system is:
|G′〉 = 1√
N
N∑
j=1
exp
[
ı(~kw − ~ks) · ~xj
]
exp
[
ı(~kr − ~kas) · ~x′j
]
|g1 . . . gj . . . gN〉 , (A2)
where ~x′j is the final position of the j-th atom, while
~kr and ~kas are the wavevectors for the read and anti-
Stokes modes respectively. For a sample temperature of
the order of a few hundreds of micro Kelvin and a storage
time below 1µs, the atomic motion is negligible during
the storing process and ~x′j ≃ ~xj . In this case, the final
state |G′〉 coincides with the initial state |G〉 if the phase
matching condition ~kw − ~ks = ~kas − ~kr is satisfied. For
our excitation geometry this implies that the anti-Stokes
photon is emitted in the same mode as for the Stokes
photon but in opposite direction (i.e. ~kas = −~ks). The
single spin excitation created in the ensemble during the
write process is then collectively read-out and mapped
onto the anti-Stokes photon.
The retrieved photons are coupled into an optical fiber.
The overlap between the Stokes and anti-Stokes modes
is estimated to be ∼ 70% by measuring the fiber to fiber
coupling using classical light. The photons are then de-
livered to a second SPD with similar specifications as
the first one (SPCM-AQRH-14-FC, Excelitas), tempo-
rally gated for 40 ns. Polarization and angular filtering
are used to reduce the leakage of the read beam as for
the Stokes detection. In this case, however, we do not
use a cavity for frequency filtering, in order to maximize
the retrieval efficiency. This is crucial when the system
is used in combination with the quantum frequency con-
verter device (QFCD).
A clean pulse with the same frequency and spatial
mode as the read beam is sent to the atomic cloud in order
to efficiently pump all the atoms back to the initial state
|g〉, while the SPDs are kept off. The write–read sequence
is repeated 1000 times, each trial lasting ∆τ = 1.4µs.
During the total interrogation time of 1.4ms the atomic
cloud is falling freely under the effect of gravity. During
this short time the OD reduction due to cloud expansion
is negligible. We can therefore assume that all the trials
are performed under the same conditions. The trap and
repumper beams as well as the magnetic field gradient
are then switched on and the atoms are recaptured in
the MOT, where they are laser cooled during 20ms be-
fore the sequence starts again. This full cycle is repeated
until a good statistic is reached.
Due to the strong correlations between the Stokes pho-
ton and the single spin excitation created in the system,
if we assume that the read-out process is performed with
high efficiency, we can describe the joint state of the
Stokes and anti-Stokes photons as:
|ψ〉 =
(
1− p
2
)
|0s, 0as〉+
+
√
p |1s, 1as〉+
+ p |2s, 2as〉+O
(
p3/2
)
.
(A3)
This ideal two-mode squeezed state displays a high de-
gree of second order cross-correlations between the Stokes
and anti-Stokes fields. The second order cross-correlation
function g
(2)
s,as is defined as ps,as/ (pspas), where ps and
pas are the probabilities to detect a Stokes and an anti-
Stokes photons per trial, respectively. The quantity
ps · pas can be interpreted as the probability to get an
7FIG. 5: Schematic view of the experimental setup. See text for a detailed description of the different components.
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FIG. 6: Heralded anti-Stokes generation rates. The
probability ps,as to detect a Stokes–anti-Stokes coincidence
per trial is plotted as a function of the Stokes detection prob-
ability ps for the memory alone (red plain squares) and in
combination with the QFCD (blue empty circles). On the
right axis the corresponding detection rates are also plotted.
accidental coincidence. On the other hand, ps,as is the
probability to detect an anti-Stokes photon conditioned
on the detection of a Stokes photon in the same write-
read trial (i.e the Stokes–anti-Stokes coincidence proba-
bility). In Fig. 6, ps,as is plotted as a function of the
Stokes detection probability ps, together with the coin-
cidence rate achievable in the experiement. In order to
measure the g
(2)
s,as function, the outputs of the two SPDs
are acquired by a time-stamping card which records their
arrival times. Correlated photons are emitted within the
same write–read trial and therefore their relative arrival
time is given by τs. On the other hand, Stokes and anti-
Stokes photons generated in different trials will arrive
with a time difference τs + n · ∆τ , with n integer. The
ratio between the number of coincidences with an arrival
time of τs and τs+∆τ is therefore a measurement of the
second order cross-correlation function.
Appendix B: Quantum frequency converter
Our quantum frequency converter is based on dif-
ference frequency generation (DFG) of 1552 nm light,
achieved by combining input photons at 780 nm with a
strong pump at 1569 nm in a periodically poled lithium
niobate (PPLN) waveguide. Our current experimental
setup (see Fig. 5) is based on the apparatus described in
[33]. Thanks to the introduction of a new filtering stage
the noise contribution has been reduced by more than one
order of magnitude with respect to our previous work.
This achievement, together with an improvement of the
device efficiency and the use of shorter photons, allowed
us to increase the signal to noise ratio of the conversion
process by almost two orders of magnitude (see later for
details). In the following, after a brief description of the
main parts of the setup, we will focus on the character-
istics of the new spectral filter, suggesting the reader to
refer to our previous work for an exhaustive description
of the other elements.
The input photons at 780 nm are combined on a
dichroic beam splitter together with the pump light, ob-
tained from an erbium doped fiber amplifier feeded by an
external cavity diode laser. The two light fields are then
coupled to the nonlinear waveguide by means of an as-
pheric lens. The measured coupling efficiencies are 68%
and 60% for the pump and input modes, respectively.
The input lens has a transmission of ∼ 66% at 1569 nm.
The specified waveguide transmissions are about 62%
and 78% at the input and pump wavelengths, respec-
tively. At the waveguide output, two band pass filters
with a FWHM of 7 nm isolate the converted signal from
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FIG. 7: Comparison between transmissions of con-
verted and unconverted photons. Transmission of
780 nm light in a telecom fiber as a function of the propaga-
tion distance assuming losses of ∼ 3 dB/km (red continuous
line). Similarly, the blue dashed lines represent transmission
of 1552 nm converted photons with 10, 1 and 0.1% device ef-
ficiency, assuming propagation losses of ∼ 0.2 dB/km. As it
can be seen, even for a device efficiency as low as 0.1%, the
limited conversion efficiency is compensated after only 11 km
of propagation through the fiber.
the residual pump light. Each filter has a transmission
of 93% at 1552 nm, while it displays an OD of ∼ 12 at
1569 nm. This filtering stage is not sufficient to reduce
the noise around the converted wavelength of 1552 nm
below the single photon level. The strong pump light
generates additional noise whose broadband nature has
been investigated in [33]. In particular, we measured
that the residual noise level is proportional to the spec-
tral bandwidth of the filtering stage (see also [38]).
Guided by this observation, we replaced our previous
filtering stage, based on a simple diffraction grating, with
a fiber Bragg grating. The current filter linewidth of
2.5GHz is 34 times narrower than the minimum we could
achieve with the previous setup. When the QM is used
in combination with the QFCD, the fiber Bragg grat-
ing helps filtering the residual leakage of the read beam,
like the monolithic resonator used for the Stokes photon.
Considering the coupling efficiency of the input light into
the waveguide (60%), the intrinsic losses in the waveg-
uide (70%, corresponding to the geometric average of
the losses experienced at 780 nm and 1552 nm), the fiber
coupling efficiency (60%) and the transmission of the fil-
tering elements (70%), the achievable total efficiency is
limited to 17.6%. The converted light is finally sent to
an InGaAs SPD (id220, Id Quantique), with a detection
efficiency of 10% and a dark count rate of 400Hz with a
dead time of 20µs.
1. QFCD characterization
In order to characterize the QFCD, we use weak coher-
ent pulses at 780 nm with a FWHM of 14 ns, to simulate
the anti-Stokes photons obtained from our QM. We mea-
sure the device efficiency and the signal to noise ratio for
the converted light as a function of the pump power. The
results are shown in Fig. 8a. The device efficiency varies
as a function of the pump power Pp as:
ηdev = ηmax × sin2
(
L
√
Ppηn
)
, (B1)
where ηmax is the maximum achievable efficiency, L
is the crystal length and ηn is the normalized conver-
sion efficiency [27]. Fitting the experimental data with
equation (B1), we find ηmax = 11.4(4)% and ηn =
119(9)%W−1cm−2. These values are compatible with
the corresponding ones obtained with quantum light at
the device input and described in the main paper. De-
spite the limited device efficiency measured in the exper-
iment, our QFCD already offers a significant advantage
over direct transmission of 780 nm photons over long dis-
tances, as it is shown in Fig. 6.
An analogous formula can be derived for the signal to
noise ratio [33]. We define the signal s as µin ·ηdev ·ηd,1552,
where µin is the mean input photon number per pulse and
ηd,1552 is the detection efficiency (0.1). The quantity s
can be interpreted as the probability to get a click on the
detector due to a converted photon. On the other hand,
the probability to detect a noise photon is proportional
to the pump power, i.e. n = δn ·Pp. We therefore obtain:
SNR =
s
n+ dc
, (B2)
where dc is the dark count probability. For low pump
powers, the device efficiency ηdev decreases (see equation
(B1)), thus causing a reduction of s. On the other hand,
the noise is limited to the dark count level dc. As a con-
sequence, the SNR drops to zero. When Pp increases, the
SNR increases as well until a maximum is reached. A fur-
ther increase of the pump power will result in a decrease
of the SNR, since the noise keeps on increasing while the
device efficiency saturates. This behavior can clearly be
observed in Fig. 8a. For the experiment described in the
main paper we used a pump power of about 120mW in
order to operate the device close to the point where the
SNR is the highest.
As it will be detailed in the next section, the SNR is
the key parameter to estimate the g
(2)c
s,as value achievable
after conversion. It is therefore important to have a good
estimate of its value. For this purpose, we measure the
SNR as a function of µin for a fixed pump power. As
it is shown in Fig. 8b, the SNR is linearly proportional
to µin, i.e. SNR = SNR
max × µin. The proportional-
ity constant SNRmax can be regarded as the maximum
achievable SNR when the system is operated with a sin-
gle photon input (i.e. µin = 1). A fit to the experimental
data give us SNRmax = 85(3). This value is a factor ∼ 70
9higher than what has been reported in [33]. This result
has been achieved thanks to the improvement of the noise
filtering, the increase of the device efficiency and the use
of shorter photons.
Appendix C: Expected second order
cross-correlation function
The second order cross-correlation function between
the Stokes and anti-Stokes fields experiences a reduction
when the frequency of the anti-Stokes photons is trans-
lated to the telecom band by means of our QFCD, due
to the presence of the broadband noise generated by the
pump. In this section we will detail the derivation of
equation 1 of the main paper, which allows us to quan-
tify this reduction.
The anti-Stokes detection probability after conversion
can be expressed by pcas = ηtot ·pas+pn, where pas is the
probability to detect an unconverted anti-Stokes photon,
while pn is the probability to detect a noise photon. The
quantity ηtot = ηdevηloss · (ηd,1552/ηd,780) accounts for the
QFCD efficiency (ηdev), the passive losses between the
anti-Stokes fiber output and the QFCD input (ηloss ∼
0.77) and the difference between the efficiencies of the
single photon detectors used for 780 nm (ηd,780 = 0.43)
and 1552 nm (ηd,1552 = 0.1). The probability to detect
an accidental coincidence between the Stokes and anti-
Stokes fields is defined as pcas ·ps and it is therefore given
by ηtot·ps·pas+pn·ps. On the other hand, the coincidence
probability pcs,as will be given by ηtot · ps,as + pn · ps.
The factor ηtot is the same as for pas, while the quantity
pn ·ps can be regarded as the probability to detect a noise
photon conditioned on a previous detection of a Stokes
photon (conditional noise). Using the definition of the
second order cross-correlation function we obtain:
g(2)cs,as =
ηtot · ps,as + pn · ps
ηtot · ps · pas + pn · ps . (C1)
We define the signal to noise ratio as SNR = ηtot ·
ps,as/(pn · ps), which can be interpreted as the signal
to noise ratio for the detection of an anti-Stokes photon
conditioned on a previous detection of a Stokes photon.
With this definition equation (C1) can be cast in the fol-
lowing form:
g(2)cs,as = g
(2)
s,as ×
SNR + 1
SNR + g
(2)
s,as
. (C2)
This formula presents a few remarkable aspects. In the
limit of g
(2)
s,as → +∞ (as it happens for ps → 0), equa-
tion (C2) saturates to 1 + SNR. The signal to noise
ratio therefore expresses the maximum cross-correlation
level achievable after conversion. On the other hand, for
high Stokes detection probabilities the g
(2)
s,as function de-
creases. If we assume that SNR≫ 1, then equation (C2)
gives g
(2)c
s,as ∼ g(2)s,as.
As we discussed in the previous section, the SNR de-
pends linearly on the probability to have a photon at
the input of the QFCD. When we convert heralded sin-
gle photons from the QM, this probability is given by
the retrieval efficiency ηinR . Since η
in
R is constant over a
wide range of Stokes detection probabilities (see Fig. 2
of the main text), for a fixed pump power the SNR can
also be taken as constant in the same ps range. This as-
sumption does not hold for high ps values. However, as
we discussed above, in this case equation (C2) does not
depend on the SNR. Therefore the SNR can be assumed
as constant.
Appendix D: Cauchy-Schwarz inequality and
autocorrelation measurements
For a pair of independent classical fields, the second
order cross-correlation function between the two modes
and the relative autocorrelation functions for each mode
have to satisfy the following inequality:
R =
(
g
(2)
1,2
)2
g
(2)
1,1 · g(2)2,2
≤ 1, (D1)
which constitutes a particular case of the Cauchy-
Schwarz inequality [39]. A violation of the condition
expressed by equation (D1) indicates that non-classical
correlations are present between the two modes. As we
explained before, the joint quantum state for the Stokes
and anti-Stokes field can be described by the two mode
squeezed state defined in equation (A3). In the ideal case,
the Stokes and the anti-Stokes modes individually display
a thermal statistic, i.e. their second order autocorrela-
tion is equal to 2. Using equation (D1), we see that when
the cross-correlation function g
(2)
s,as exceeds the value of
2, the joint photon statistic shows a quantum behavior.
However, for a generic two modes state, the autocorre-
lation function of each mode can exceed the value of 2.
In this case, it is necessary to achieve higher g
(2)
s,as values
in order to ensure that the Cauchy-Schwarz inequality
is violated. For this reason, it is necessary to carefully
measure the Stokes and anti-Stokes autocorrelations be-
fore assessing the quantum nature of the observed state
without assumptions.
In order to measure the Stokes autocorrelation func-
tion, we use a 50-50 fiber beam splitter to deliver the
photons obtained from our QM to two single photon de-
tectors. The arrival times on the two detectors are mea-
sured by means of the time stamping card mentioned
above, thus obtaining a coincidence histogram. The g
(2)
s,s
is shown in Fig. 9a. We proceed in a similar way for
the anti-Stokes field. The measurements are performed
for five different write powers. The results are summa-
rized in the first three columns of table I, where the two
autocorrelation values are listed together with the cor-
responding measured Stokes detection probabilities. We
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FIG. 8: QFCD characterization. a, Signal to noise ratio (red plain squares, left axis) and device efficiency (blue open
circles, right axis) as a function of the pump power (measured at the waveguide output) for µin = 0.37. The dashed blue line
corresponds to a fit of ηdev data using equation (B1). The fit gives ηmax = 11.4(4) % and ηn = 119(9)%W
−1cm−2. The dashed
red line corresponds to a fit of the SNR data using equation (B2). b, Signal to noise ratio as a function of the mean input
photon number µin for Pp ∼ 120mW (measured at the waveguide output). A linear fit of the data (dashed orange line) gives
SNRmax = 85(3).
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FIG. 9: Autocorrelation measurements. a, Autocorrelation measurement for the Stokes field. The histogram has been
obtained combining the data corresponding to different Stokes detection probabilities. The measured g
(2)
s,s value is 2.03(3) (see
table I). b, Autocorrelation measurement for the converted anti-Stokes photons. The histogram is obtained combining all the
data shown in table I. The measured g
(2)c
as,as value is 1.4(1).
can observe that the autocorrelation values do not change
significantly for the ps range explored in the experiment.
For this reason, we can combine all the histograms to-
gether and obtain a unique value for the autocorrelations,
shown in the last line of the table. The measured g
(2)
s,s is
compatible with the expected thermal statistic. For the
anti-Stokes field the observed value is systematically be-
low 2. This can be explained considering that for the
anti-Stokes photons we do not use spectral filtering to
further reduce the possible leakage of read light. For this
reason the signal to noise ratio is lower in this case. In the
fifth column of table I we show the value of the Cauchy-
Schwarz parameter R calculated from the g
(2)
s,as measured
in the experiment.
It is possible to proceed in a similar way when the
atomic based QM is used in combination with the QFCD.
For the Stokes field, we can use the same value as before.
For the anti-Stokes field, a new measurement is neces-
sary, performed following the same experimental strat-
egy as above (see Fig. 9b). The results are shown in
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TABLE I: Values of the Stokes (g
(2)
s,s), anti-Stokes (g
(2)
as,as)
and converted anti-Stokes (g
(2)c
as,as) autocorrelation function for
various Stokes detection probabilities ps. The values shown
in the last row are obtained combining all the correlation his-
tograms. In the last two columns the Cauchy-Schwarz pa-
rameter R (Rc) is calculated from the measured g
(2)
s,as (g
(2)c
s,as)
values.
ps [%] g
(2)
s,s g
(2)
as,as g
(2)c
as,as R R
c
1.6 2.03(5) 1.46(2) 1.6(2) 12.2(4) 4.8(6)
1.5 2.01(6) 1.46(2) 1.3(2) 12.8(5) 6(1)
1.0 2.03(8) 1.41(2) 1.4(2) 16.4(8) 7(1)
0.4 2.03(5) 1.43(4) 1.3(2) 55(2) 21(5)
2.03(3) 1.45(1) 1.4(1)
the forth column of table I, together with their average.
The data have been taken using 120mW of pump power,
measured at the waveguide output. We notice that the
measured g
(2)c
as,as value is below 2. Similar reasons as be-
fore contribute to explain this behavior: the converted
anti-Stokes photons are polluted by the broadband noise
generated by the strong pump at 1569 nm while propa-
gating in the non linear waveguide. The integration time
used to accumulate the autocorrelation histogram corre-
sponding the lowest ps value reported in table I is about
10 hours. The Cauchy-Schwarz parameter Rc shown in
the last column is clearly above 1, thus confirming that
the quantum nature of the anti-Stokes photons is pre-
served in the conversion process.
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